P atients with primary aldosteronism (PA) are known to have a higher incidence of cardiovascular and renal complications than patients with essential hypertension.
1,2 About renal complications, both relative glomerular hyperfiltration and albuminuria have been reported. [3] [4] [5] [6] In addition, in those with aldosterone-producing adenoma (APA), intrarenal hemodynamics is altered by specific treatments, as reported in 2 previous studies in which the resistive index (RI) was measured using renal Doppler ultrasonography 7, 8 ; yet, the specific changes remained to be determined because the results differed markedly between these 2 studies. Sechi et al 7 reported that in patients with PA, this index was lower before treatment, suggesting relative vasodilatation of renal arteries leading to glomerular hyperfiltration. In contrast, Wu et al 8 demonstrated that the initial RI in APA was higher than that in essential hypertension, and RI significantly decreased after adrenalectomy. The disparity may be because of differences in the study designs, including the diagnosis of laterality and treatment of APA, baseline renal function, or racial differences. Of particular importance may be baseline renal function because the estimated glomerular filtration rate (eGFR) in the study by Wu et al 8 was substantially lower than that in the study by Sechi et al. 7 The RI, which is calculated based on systolic and diastolic flow velocity, has been shown to correlate significantly with histological findings, such as arteriosclerosis and tubulointerstitial changes. [9] [10] [11] In addition, increased renal RI was reported to be significantly associated with the incidence of cardiovascular and renal organ damage 12, 13 and to serve as a predictor of worsening renal function in patients with chronic kidney disease. 14, 15 In patients with APA, plasma aldosterone levels decrease drastically after adrenalectomy. Postoperative residual hypertension, however, was observed in 55 of 150 patients Abstract-The renal resistive index (RI) calculated by Doppler ultrasonography has been reported to be correlated with renal structural changes and outcomes in patients with essential hypertension or renal disease. However, little is known about this index in primary aldosteronism. In this prospective study, we examined the utility of this index to predict blood pressure (BP) outcome after adrenalectomy in patients with primary aldosteronism. We studied 94 patients with histopathologically proven aldosteronoma who underwent surgery. Parameters on renal function, including renal flow indices, were examined and followed up for 12 months postoperatively. The renal RI of the main, hilum, and interlobar arteries was significantly higher in patients with aldosteronoma compared with 100 control patients. BP, estimated glomerular filtration rate, and urinary albumin excretion significantly decreased after adrenalectomy. The resistive indices of all compartment arteries were significantly reduced 1 month after adrenalectomy and remained stable for 12 months. Patients whose interlobar RI was in the highest tertile at baseline had higher systolic BP after adrenalectomy than those whose RI was in the lowest tertile. Logistic regression analysis demonstrated that the RI of the interlobar and hilum arteries could be an independent predictive marker for intractable hypertension (systolic BP ≥140 mm Hg, increased BP, taking ≥3 antihypertensive agents, or increased number of agents) even after adrenalectomy. Therefore, in patients with aldosteronoma, the renal RI indicates partially reversible renal hemodynamics and renal structural damages that would influence postoperative BP outcome. with PA after adrenalectomy in the TAIPAI (Taiwan Primary Aldosteronism Investigation) study, and residual hypertension was thought to be a result of renal parenchymal injury. 16 We hypothesized that renal RI might be a predictor of blood pressure (BP) outcome in patients with APA after adrenalectomy. Thus, in this prospective study, we measured the RI before and after adrenalectomy in patients with APA and investigated whether preoperative renal RI was independently associated with the postoperative BP level.
Methods
Diagnosis of PA and clinical biochemical data are presented in the online-only Data Supplement.
Patients
Between January 2009 and December 2012, 94 consecutive patients who underwent adrenalectomy because of APA at Tohoku University Hospital participated in this study. Patients with other concurrent endocrine diseases were excluded, even those with APA and autonomous cortisol secretion, which was confirmed by cortisol concentrations >3.0 μg/dL after an overnight 1-mg dexamethasone suppression test. Exclusion criteria also included renal diseases, such as primary glomerular disease, nephrotic syndrome, renal cell carcinoma, renal artery stenosis, solitary kidney, or other diseases associated with a urinary tract disorder. Control patients were those with essential hypertension diagnosed by excluding any form of secondary hypertension. The ethics committee of Tohoku University School of Medicine approved this protocol, which was consistent with the principles of the Declaration of Helsinki and Title 45, US Code of Federal Regulations, Part 46, Protection of Human Subjects. In addition, informed consent was obtained from all patients.
Renal Doppler Ultrasonography
The utility of renal Doppler ultrasonography findings as indices of renal damage and predictors of renal outcome in patients with kidney diseases has been previously demonstrated. [9] [10] [11] [12] [13] [14] [15] Color Doppler ultrasonography was performed by 2 well-trained ultrasonographers who were not informed of the details of the study to avoid any potential bias. The tracing findings were examined by an experienced reader who was blinded to the patients' clinical information. A Philips iU22 device (Philips, Bothell, WA) and a 3.5-MHz convex probe were used. The Doppler angles measuring renal artery and aorta were maintained at <60° and as close to 0 as possible. If not, a sector probe was used to maintain the angle. After an approximate 6-hour fast, patients underwent ultrasonography in the dorsal position or the lateral recumbent position. The lateral recumbent position was used when the target was not visible in the dorsal position. The measurement of aortic flow velocity was performed at the level of the renal arteries. Renal flow velocity was measured in the artery of each compartment, including the main tract artery, hilum arteries, and interlobar arteries. The pulsatory velocity indices, including peak systolic velocity (PSV) and end-diastolic velocity (EDV), were measured, and values from both kidneys were averaged. Renal RI was calculated using Pourcelot formula: RI=PSV−EDV/PSV. The interobserver and intraobserver variations for the RI measurements between the 2 sonographers were 6.27% and 6.34%, respectively.
Prospective Protocol and Follow-Up
All of the patients with APA were treated with calcium-channel blockers or α 1 -adrenergic blockers to control BP during baseline examinations of the Doppler ultrasonograms, BP, and biochemical sampling. In patients with APA, follow-up measurements were conducted at 1 and 12 months after adrenalectomy. BP was stringently controlled according to the guidelines of the Japanese Society of Hypertension. 17 Renin-angiotensin system (RAS) inhibitors were used during the postoperative period if they were to prevent organ damage; however, they were substituted with calcium-channel blockers or α 1 -adrenergic blockers 1 month before the follow-up examination. Neither mineralocorticoid receptor antagonists nor diuretics were administered during this study.
Statistical Analysis
Data are expressed as mean±SE of the mean (SEM). Independent t tests, Mann-Whitney U tests, or Fisher exact tests were performed, as appropriate, for comparison of parameters between patients with APA and control patients at baseline. ANOVA followed by Tukey tests or Dunn tests was performed for comparisons between measurements at baseline, 1 month, and 12 months postoperatively in the APA group. Urinary albumin corrected by urinary creatinine concentration (UACR) was logarithmically transformed to approximate a normal distribution. To examine the utility of RI, we divided patients with APA into 3 groups based on RI value tertiles (lowest RI group: RI≤0.60, n=32; middle RI group: 0.60<RI<0.65, n=32; and highest RI group: RI≥0.65, n=30) and compared the BP outcome and the number of antihypertensive agents used after adrenalectomy among these groups. To assess the predictors of intractable hypertension (systolic BP ≥140 mm Hg, increment in BP, taking ≥3 antihypertensive agents, or an increase in the number of agents; n=39) at 12 months postoperatively, multivariate logistic regression analysis using a stepwise procedure was performed. The covariates included in this model were age and sex. All analyses were performed using Stat Flex version 6.0 (Artech Co Ltd, Osaka, Japan). Statistical significance was set at P<0.05.
Results

Patients
Ninety-four patients with APA (53 men and 41 women) aged 52±1.2 years and 100 control patients (53 men and 47 women) aged 49±1.3 years were evaluated (Table 1) . Patients with APA were excluded for the following reasons: autonomous cortisol secretion (n=5), renal cell carcinoma (n=2), renal artery stenosis (n=1), and solitary kidney (n=1). The distributions of age and sex were similar in the 2 groups. In the APA group, the ages of the men and women were similar (53±1 versus 50±2 years; P=0.2094). At the end of the study, 14 patients with APA were lost to clinical follow-up at 12 months postoperatively for the ultrasonographic examination because of various nonmedical reasons (eg, social issues, economical issues, or pregnancy). Still, BP measurements and the number of antihypertensive agents were recorded for all of the patients during the follow-up period.
Comparison of Clinical Characteristics and Intrarenal Index
At baseline, patients with APA had significantly higher plasma aldosterone concentration (PAC), aldosterone/renin ratio (ARR), serum sodium concentrations, and random spot urine potassium/sodium ratio; significantly longer duration of hypertension; and significantly lower plasma renin activity and serum potassium concentrations than the control patients (Table 1 ). There were no significant differences in body mass index, BP, eGFR, hemoglobin A1c, and prevalence of diabetes mellitus between the 2 groups. UACR was significantly higher in patients with APA than in control patients.
RI was significantly higher in the patients with APA than in the control patients in all compartments (Table 2 ). In the patients with APA, EDV in every compartment was significantly lower than in the control patients, although PSV was similar in every compartment in both groups. March 2016
Changes in Parameters During the Follow-Up Period
In the patients with APA, PAC, ARR, BP, eGFR, and UACR were significantly lower at 1 month, whereas serum potassium was significantly higher than at baseline (Table 3) . At 12 months, PAC, ARR, BP, eGFR, and UACR were even lower, whereas serum potassium and plasma renin activity were significantly higher. RI decreased significantly in all of the compartments at 1 month after adrenalectomy (Table 3 ). In addition, biochemical data obtained before and after adrenalectomy were compared in 39 patients with intractable hypertension. PAC values (ng/dL) and ARR (ng/dL per ng mL −1 h −1 ) were significantly decreased from 23.8 and 94.2 at baseline to 9.8 and 15.7 at 1 month after surgery (P<0.01), respectively, and also were significantly decreased to 11.7 and 8.7, respectively at 12 months (P<0.01) postoperatively. Plasma renin activity values (ng mL −1 h −1
) and serum potassium concentrations (mmol/L) were significantly increased from 1.0 and 3.5 at baseline to 1.5 and 4.5 at 1 month after adrenalectomy (P<0.01), respectively, and were also increased to 5.0 and 4.4 at 12 months after adrenalectomy, respectively (P<0.01). The data of PAC, ARR, plasma renin activity, and serum potassium concentrations at 12 months postoperatively in 39 APA patients with intractable hypertension were not significantly different from their respective values in other patients with APA. Therefore, these data indicated that biochemical persistence could be ruled out even in the group of patients with intractable hypertension.
There were 2 patterns of changes for PSV and EDV; namely, PSV decreased in the main and hilum arteries, whereas EDV increased in the interlobar artery. The changes in PSV in the main artery between baseline and 1 month postoperatively correlated with the changes in aorta velocity (r=0.3696; P=0.0003). No parameter correlated with the change in EDV in the interlobar artery. At 12 months postoperatively, RI remained stable in all of the arteries, whereas both PSV and EDV were significantly decreased in the interlobar arteries, compared with the values at 1 month postoperatively.
Comparison of BP Among RI Groups
At baseline, BP was similar for all the 3 RI groups (data not shown). At the end of the study, systolic BP in the highest RI (in the interlobar artery) group was significantly higher than in the lowest RI group (138±4 versus 123±2; P=0.0084). About the number of antihypertensive agents, this was much higher in the highest RI group than in the lowest RI group 
Multivariate Logistic Regression Analysis for Postoperative Intractable Hypertension
Multivariate logistic analysis using a stepwise procedure was performed to detect predictors of postoperative intractable hypertension. In each model, including RIs of the interlobar or hilum arteries (Table 4 , models 1 and 2), RIs were the strongest predictors of postoperative intractable hypertension; age and duration of hypertension, on the other hand, were not significantly correlated in these models. In the model, including RI at the main renal artery and covariates (Table 4 , model 3), age, but not RI, was a significant predictor of intractable hypertension. In this analysis, duration of hypertension was (7) 14 (14.9) NS Independent t tests, Mann-Whitney U tests, or Fisher exact tests were performed, as appropriate, to compare the variables between the groups. The values are expressed as mean±SE of the mean (SEM) or as n (%). The definition of diabetes mellitus was HbA1c (NGSP) ≥6.5% or taking pharmacological treatment. Control patients were those with essential hypertension. APA indicates aldosterone-producing adenoma; ARR, aldosterone/renin ratio; Cre eGFR, estimated glomerular filtration rate based on serum creatinine; HbA1c, hemoglobin A1c; K, potassium; Na, sodium; NGSP, National Glycohemoglobin Standardization Program; NS, not significant; PAC, plasma aldosterone concentration; PRA, plasma renin activity; and UACR, urinary albumin corrected by urinary creatinine. 
Discussion
This study provides novel information on the utility of renal RI for the prediction of persistent postoperative hypertension in patients with APA subjected to adrenalectomy. In addition, this is the first study to report specific changes in hemodynamics during the very early phase (1 month) after surgery and in the arteries of multiple renal compartments. The initial RI in all compartment arteries was significantly higher in the patients with APA than in the control patients. In addition, the RI decreased in all compartments after adrenalectomy in the patients with APA, and the initial RI was significantly associated with long-term postoperative BP. These findings indicate that in patients with APA, renal RI could indicate not only irreversible renal damage like arteriosclerotic changes and structural damage of the tubulointerstitium but also reversible functional changes of the renal circulation because of hyperaldosteronism.
In this study, marked decreases in renal RIs were observed in patients with APA at 1 month postoperatively, and those changes persisted until the final measurement at 12 months; at the same time, eGFR and UACR decreased significantly and then remained stable at the lower level. Of particular interest, the hemodynamic changes differed among the renal arteries, with 2 different patterns being identified at 1 month after surgery; EDV increased in the interlobar artery, whereas PSV decreased in the renal main and hilum arteries near the aorta. The precise mechanisms for these changes remain to be clarified. PSV is considered to be determined by multiple factors, such as blood flow from the aorta and diameter of the artery. In this study, the change of the PSV was solely associated with a significant decrease in aortic velocity after adrenalectomy. Thus, the decreases in PSV in the main and hilum arteries may reflect direct influences of aortic hemodynamics. Because aldosterone promotes sodium retention, the higher initial PSV in the main renal artery may be because of expanded extracellular fluid volume in the preoperative state. On the other hand, major determinants of EDV might be stiffness of vasculature upstream (such as renal main artery and even aorta) of the site of measurement and resistance of the downstream vasculature (such as interlobular arteries and afferent and efferent ANOVA followed by Tukey tests or Dunn tests was performed to compare the variables between the periods. UACR was logarithmically transformed. The values are expressed as mean±SE of the mean (SEM). ARR indicates aldosterone/renin ratio; BP, blood pressure; Cre eGFR, estimated glomerular filtration rate based on serum creatinine; NS, not significant; PAC, plasma aldosterone concentration; PRA, plasma renin activity; and UACR, urinary albumin corrected by urinary creatinine.
*Compared with baseline. †Compared with 1 mo. Downloaded from http://ahajournals.org by on September 20, 2019 arterioles in our study). One reason for the lower EDV levels in the interlobar artery before surgery might be heightened vascular stiffness because of high levels of aldosterone. It has been shown that adrenalectomy improves arterial stiffness in patients with PA. 18 In addition, because aldosterone constricts distal small arteries, such as glomerular afferent and efferent arterioles, 19, 20 the lower EDV in the interlobar artery might be because of heightened downstream vascular resistance. We also observed that EDV decreased in the interlobar artery from 1 month to 12 months postoperatively, returning to the baseline level. This might reflect increased downstream vascular resistance because of the recovery of the RAS and tubuloglomerular feedback (TGF). It should be mentioned that TGF in hyperaldosteronism (before surgery) can be attenuated by direct action of aldosterone on the macula densa and by suppression of RAS. 21 Thus, full recovery of TGF would have been achieved only when the RAS recovered at 12 months after surgery.
The significant decrease in eGFR observed after surgery would reflect the correction of glomerular hyperfiltration. [3] [4] [5] [6] Thus, our study may indicate that glomerular hyperfiltration can occur in the presence of a high RI in hyperaldosteronism. It may be mentioned that renal RI does not necessarily reflect renal vascular resistance. We and others have demonstrated that renal RI is greatly influenced by aortic stiffness. 22, 23 In vitro experiments have shown that renal RI is determined by interactions between aortic stiffness and renal vascular resistance and that in the case of zero vascular compliance, renal RI is independent of renal vascular resistance. 24.25 On the basis of these observations, some researchers have pointed out that the term renal RI is misleading. 23, 24 Basic studies have demonstrated diverse renal actions of aldosterone, including enhanced sodium reabsorption, constriction of glomerular afferent and efferent arterioles, inhibition of TGF (because of direct action of aldosterone on the macula densa and inhibition of the RAS), and enhanced tubular glomerular feedback. [19] [20] [21] 26 Taking all of these data together, we may speculate that a high renal RI may reflect increased stiffness of preglomerular arteries and increased intrarenal vascular resistance, including postglomerular circulation. The increased stiffness would facilitate the transmission of systemic BP to the glomeruli, causing glomerular hypertension. This may be particularly evident in the presence of a high level of aldosterone that causes strong constriction of efferent arterioles versus the afferent arterioles and inhibition of TGF ( Figure S2 in the online-only Data Supplement). In particular, inhibition of TGF would be pertinent because rhythmic oscillation of glomerular capillary pressure would be lost in hyperaldosteronism.
This prospective study provides new evidence that the initial RI in interlobar and hilum arteries could predict the development of intractable hypertension after adrenalectomy in patients with APA (Table 4) . In additional analyses, the initial RIs of the patients with postoperative intractable hypertension Multivariate logistic regression analysis using a stepwise procedure was performed for each model (1) (2) (3) . Covariates included in each model (1-3) were age, sex, blood pressure, duration of hypertension, urinary albumin, estimated glomerular filtration rate (calculated using serum creatinine), and plasma aldosterone concentration at baseline. Intractable hypertension was defined as systolic blood pressure ≥140 mm Hg, increase in blood pressure, taking ≥3 antihypertensive agents, or increase in the number of agents at the end of study. β indicates the standardized regression coefficient; AIC, Akaike information criterion; AUC, area under the curve; NS, not significant; and RI, resistive index. were significantly higher than those of the patients in the remission and responded-residual hypertension groups ( Figure  S1 ). Thus, high RI may indicate the presence of established renal parenchymal damage [9] [10] [11] or arteriosclerotic changes that would contribute to intractable or residual hypertension after adrenalectomy. Indeed, it was reported that in patients with untreated PA, the kidneys presented histopathologic changes, such as sclerosis of glomeruli, atrophy of the tubules, and interstitial fibrosis. 27 In particular, tubulointerstitial injuries are generally considered to lead to microvascular damage and renal ischemia, resulting in resistant hypertension. 28 Male sex was an independent variable for postoperative hypertension. Compared with premenopausal women, male sex is known as a risk factor of arteriosclerosis and hypertension. 29 We could not predict BP after surgery based on the initial values of either eGFR or UACR because these values might vary because of the presence of hyperfiltration and irreversible renal damage as consequences of hyperaldosteronism before treatment. Duration of hypertension and family history of hypertension were not predictors of intractable hypertension, and they were not even correlated with initial RI. Because the information was obtained based on self-report by the patient, there were limitations to analyze whether residual hypertension was caused by coexisting primary hypertension. Age was not a significant predictor of intractable hypertension in the multivariate regression analysis models, including RIs of interlobar and hilum arteries, although it was a predictor only in the analysis model, including RI of renal main artery. However, age was a strong correlation factor for initial RIs in interlobar and hilum arteries (Table S1 ). These results might indicate that progression of intrarenal arteriosclerosis caused by aging itself could partially cause postoperative intractable hypertension even in patients with APA. In addition, primary hypertension that might potentially coexist in patients with APA should be considered for understanding these results. Thus, these results indicate that the combination of RI (as a marker of PA associated arterial blood flow changes) and age (as a marker of atherosclerosis) would serve as a predictor of adverse postoperative BP outcomes.
This study has some limitations. First, some of the patients had diabetes mellitus, which could have partially affected the renal hemodynamic indices (Table S1 ). Second, the effect of antihypertensive agents on RI might have remained, to some extent, despite the systematic protocol for medication throughout the follow-up study (Table S2 ).
Perspectives
In this study, ≈40% of the patients with APA had intractable hypertension predicted by renal Doppler ultrasonography, indicating that patients with PA should be diagnosed as early as possible to prevent progressive or irreversible renal injury and resistant hypertension. Although this noninvasive device can provide significant information for clinicians and patients, still, this is a sophisticated technique, and therefore, sonographers must be knowledgeable and skillful. In addition, this was a prospective but monocentric study conducted in the Japanese population. Prospective, multicenter studies involving patients of different ethnicities may be needed to increase our understanding in this field.
